Cerebral autosomal dominant arteriopathy with subcortical infarcts and leucoencephalopathy (CADASIL) is an autosomal dominant vascular disorder. Diagnosis and follow-up in patients with CADASIL are based mainly on magnetic resonance imaging (MRI). MRI shows white matter hyperintensities (WMHs), lacunar infarcts and cerebral microbleeds (CMBs). WMHs lesions tend to be symmetrical and bilateral, distributed in the periventricular and deep white matter. Th e anterior temporal lobe and external capsules are predilection sites for WMHs, with higher specifi city and sensitivity of anterior temporal lobe involvement compared to an external capsule involvement. Lacunar infarcts are presented by an imaging signal that has intensity of cerebrospinal fl uid in all MRI sequences. Th ey are localized within the semioval center, thalamus, basal ganglia and pons. CMBs are depicted as focal areas of signal loss on T2 images which increases in size on the T2*-weighted gradient echo planar images ("blooming eff ect").
INTRODUCTION
Cerebral autosomal dominant arteriopathy with subcortical infarcts and leucoencephalopathy (CADASIL) is a hereditary vascular disorder, inherited as an autosomal dominant trait, clinically characterized by a number of following symptoms: migraine with aura, mood disorder, vascular dementia, ischemic stroke and premature death [1] [2] [3] [4] . Th e second most frequent manifestation of CADASIL is cognitive impairment with executive dysfunction and slowness of cognitive processing speed present in most patients [5] . Th e precise prevalence of CADASIL is not ascertained. Cases of CADASIL have been reported in a wide variety of ethnic groups throughout the world [6] . One study showed the estimated prevalence of CADASIL in Scotland is approximately 1.98 per 100,000 adults, with the prevalence of a probable mutation being 4.14 per 100,000 adults [7] . However, this estimation cannot be generalized worldwide. Before the establishment of genetic testing for CADASIL in 2000, many cases of were misinterpreted as multiple sclerosis, Alzheimer' s disease, or other neurodegenerative diseases.
CADASIL is the most frequent single-gene disorder of small cerebral arteries. It develops due to mutations within the epidermal growth factor-like repeat domain of the NOTCH3 gene located on chromosome 19p13 [8] . NOTCH3 gene encodes a large single-pass transmembrane receptor of 2,321 amino acids. Th ere are four members of the NOTCH receptor family in mammals (NOTCH 1-4). Th is particular gene consists of a transmembrane domain, an intracellular domain and a large extracellular domain (ECD) composed of 34 tandem epidermal growth factor (EGF)-like repeats and three Notch/Lin12 repeats. Th e length of an each EGF repeat is approximately 40 amino acids. Th ere are six cysteine residues, forming three sulphur bridges in a highly organized way in each of the repeats. Ligand binding causes a proteolytic cleavage which leads to the translocation of the intracellular domain to the nucleus. A signifi cant reduction (Figure 1 ). Normal maturation of brain arteries depends heavily on NOTCH3 gene in both fetal and adult mammals. Th ere is a broad spectrum of CADASIL mutations. More than 150 diff erent mutations in 18 exons have been already described [12, 13, 14] . Exon 4 is the most frequently aff ected location of NOTCH3 gene mutation in European population, followed by exons 8 and 3 [15] . De novo mutations of the NOTCH3 gene are very rare [16] [17] [18] .
Morphologically, the vascular lesion causing CADASIL is a non-arteriosclerotic, non-amyloid arteriopathy. Small perforating cerebral arteries are most frequently aff ected, with an accumulation of granular and osmiophilic substances within the vascular smooth muscle cell membrane (VSMC) as the basic pathological fi nding [19, 20] . Th is initial fattening and expansion of the extracellular matrix might be present to a lesser degree in extracerebral arteries such as skin arterioles [21] . VSMC gradually undergo degeneration with mural fi brosis. It results in stenosis of the distal segment of medullary arteries. Cerebral vessels lose ability of autoregulaton becoming thus functionally blood pressure-dependent [13] . Th ese small vessels changes lead to small infarcts in the white matter, deep gray matter and the pons.
DIAGNOSIS OF CADASIL
Th e diagnosis of CADASIL is made on the basis of a typical clinical picture and the features of a magnetic resonance imaging (MRI) of the brain and is confi rmed by the biopsy (of the sural nerve, muscles and skin) as well as by a genetic analysis (Figure 2) .
Th e clinical diagnosis of CADASIL is based on the following conditions: (1) clinical onset at a specifi c age (40-50 years); (2) absence of stroke risk factors; (3) frequent lacunar infarction episodes gradually leading to pseudobulbar paralysis and dementia (migraine, emotional disturbance, cerebral infarction, and dementia in 30, 20, 85, and 30-90 of patients, respectively); and (4) familial distribution of the disease or similar symptoms (autosomal dominant inheritance) [21] .
Imaging and laboratory examinations play an essential role in diagnosis of CADASIL: the key diagnostic features include FIGURE 1. The NOTCH3 receptor and CADASIL mutation EGFR-epidermal growth factorlike repeat, LNR-Lin12 repeats, HD-heterodimerisation domain, TM-transmembrane domain, ANKR-ankyrin repeats, PEST-sequence that is rich in proline, glutamic acid, serine, and threonine.

(1) Leukoaraiosis and multiple small infarcts presented bilaterally in deep white matter, basal ganglia, thalamus, and pons on MRI; (2) granular and osmiophilic substance layers around the vascular smooth muscles in the brain, skeletal muscle, peripheral nerves, and skin verifi ed by electron microscopy; and (3) NOTCH3 mutations confi rmed by DNA analysis [22] .
Since the cutaneous surface sampling is much easier than the central nervous system' s tissue sampling, a skin biopsy is a signifi cant method facilitating the diagnosis [23] .
Diagnostic gold standard of the disease remains the genetic analysis, but it is expensive and may be false negative if only a cluster of most probably aff ected exons is examined [22] .
IMAGING CHARACTERISTICS OF CADASIL
Reaching the diagnosis and follow-up in patients with CADASIL relies mainly on MRI fi ndings [24, 25] . Sensitivity and specifi city are higher than in computerized tomography (CT).
Neuroimaging shows three types of lesions in patients with CADASIL. Th e fi rst type is white matter hyperintensities (WMHs) on MRI ( Figure 3 and Figure 4 ) and white-matter hypodensities on CT ( Figure 5a , 5b and 5c). Th e second type of lesions is lacunar infarcts in the semioval center, thalamus, basal ganglia, and pons, while the third type is represented with cerebral microbleeds (CMBs). Th e presence of WMHs may be associated with lacunar infarction while CMBs may be present in both symptomatic and asymptomatic patients with a confi rmed NOTCH1 mutation [26] [27] [28] .
WHITE MATTER HYPERINTENSITIES
WMHs are one of the fi rst imaging signs of CADASIL, often appearing before its clinical onset. Presented as whitematter regions of higher signal intensities on T2W and FLAIR sequences, these lesions tend to be symmetrical and bilateral. WMHs are found usually in the periventricular region (Figure 3b, 3d, 3g, 3f ) and in deep white matter (Figure 3c , 3e, 3h), but less frequently in superfi cial white matter [29] [30] [31] [32] . Predominantly aff ected regions are frontal, parietal, and anterior temporal, followed by external capsule. Recognition of these lesions in younger patients is of great importance for early diagnosis of CADASIL. Th e occipital lobe is markedly less severely aff ected.
However, there is a relative sparing of the arcuate fi bers and cortex [33] . Cortical sparing is particularly striking when viewed in coronal and sagittal section. Cortical lesions are extremely rare in CADASIL, even in those patients with most extensive abnormalities [34] . Th at could be explained by the anatomically diff erent cortical and subcortical blood supply. Clear cortical and subcortical arterial territories can be diff erentiated, the latter being supplied by the short and long corticomedullary branches.
It has been observed that patients with CADASIL have larger WM volume. WM volume may increase due to intramyelinic edema in the white matter detected early in the course of the disease [35] .
Recent studies have recognized the anterior temporal lobe (Figure 3a and Figure 5a ) and external capsules (Figure 4b , Figure 4c and Figure 5b ) as sites of predilection for WMHs [30, 36] , which, if aff ected, are very useful in diff erentiation from other forms of small-vessel disease [36, 37] . According to Marcus et al., anterior temporal lobe involvement has a much higher specifi city than external capsule involvement [38] , specifi city being 100 in contrast to 45 respectively, while sensitivity is approximately the same (90 opposed to 93) [33] . Anterior temporal lobe involvement may occasionally be absent, especially in the Asian CADASIL population [24] . Th e diagnosis of CADASIL should be taken into account in patients with lacunar infarcts, leukoencephalopathy and migraine with an atypical aura even in the absence of white matter lesions in the anterior temporal poles [39] . Findings of Yamamoto M et al. [19] suggest that temporal lobe WMHs relate to the numerous fl uid-fi lled perivascular spaces (PVS) or increased number of PVS rather than the presence of lacunar infarcts. On MRI, PVS may be seen as T1W hypointense and T2W hyperintense areas, similar to small infarcts or lacunes. Enlarged PVS are evident in temporal pole because of its unique convolutional structure and vascularization by the branches of the anterior temporal artery. Increased PVS may refl ect WMHs on MRI [37] since [40] to distinguish single large fl uid-fi lled space (~2 mm) from cluster small spaces. Subcortical lacunar lesions in the temporal lobes are best visualized by a technique of hydrographic 3D high-resolution turbo spin echo (TSE) with variable fl ip angle sequence (SPACE) [41] .
Other regions such as the posterior temporal and occipital white matter, the basal ganglia nuclei, the thalamus and internal capsule, as well as the pons, show only moderate involvement. However, corpus callosum and infratentorial areas are less frequently aff ected in CADASIL. Callosal commissure involvement is of particular diagnostic importance [25] . It is seen as hyperintense lesions on T2W imaging and hypointense lesions on T1W imaging involving the full thickness of the corpus callosum. Th e involvement of corpus callosum is a characteristic feature of multiple sclerosis -the lesions classically involve the undersurface of this structure. Lesions of corpus callosum are rarely seen in a narrow variety of small vessel diseases. Short penetrating arterioles of <100 μm in diameter, supplying the central corpus callosum, have good anastomotic connections and are not prone to atherosclerotic disease [42] . In addition, thrombosis in situ of the branches of the anterior cerebral artery, which supply the greater part of corpus callosum, is very unusual. Underlying pathology in CADASIL is a concentric deposition of granular material within the media of small to medium arterioles leading to stenosis.
Confl uent areas of WMHs that are seen on T2W imaging correspond to hypointense areas on T1W imaging (Figure 4a ). Lesions are less extensive on T1W than T2W imaging. A signifi cant loss of contrast between gray matter and normalappearing white matter was seen on 3D T1 imaging. Th is is very likely due to the tissue changes in normal-appearing white matter outside signal abnormalities on T2 or FLAIR sequences. [43] .
In patients with CADASIL, the dilation of perivascular spaces (dPVS) throughout the brain, varying in its extent according to the cerebral location, may be promoted by the progression of the hereditary microangiopathy with aging. One of the common MRI features found in temporal lobes and subinsular areas are dPVS, which may share a similar pathogenesis with the extension of WMH during the course of the disease. In this model of small-vessel disease, there is a possibility of dPVS participation in the cognitive decline development. Moreover, the large number of dPVS in white matter signals a higher risk of cognitive decline in CADASIL [44] .
LACUNAR INFARCTS
Lacunar infarcts are parenchymal defects that do not reach the cortical gray matter, presented by an imaging signal of cerebrospinal fl uid intensity in all MRI sequences, with a diameter of more than 2 mm [8] . Lacunar infarcts Figure 5a and Figure 5b ) [33] . Areas smaller than 2 mm in diameter, present in the lower third of corpus striatum of the basal ganglia and demonstrating isointensity to cerebrospinal fl uid, diff erentiate normally dilated Virchow-Robin spaces from lacunar infarcts [45] . Th e number of lacunar infarction on MRI in patients with CADASIL is more important predictor of cognitive impairment [24] .
CEREBRAL MICROBLEEDS (CMBS)
Gradient echo planar T2* MRI enables the detection of tiny foci of blood within the brain, which have been termed cerebral microbleeds. CMBs are found in 31-69 of patients with CADASIL. Th ey are depicted as focal areas of signal loss on T2 imaging, increasing in size in T2*-weighted gradient echo planar images ("blooming eff ect"), with a diameter smaller than 10 mm [46] . Th is way CBMs diff er from regions of signal loss originating from vascular fl ow void. CBMs may be located in various portions of the brain. Cortical/subcortical areas, white matter, thalamus, and brainstem are preferential sites [47, 48] . Typically, they are always found outside the ischemic lesions [28] .
According to recently published research, cortex alterations may be related to early symptoms of the disease. Th ese data, obtained by seven Tesla MRI, show diff use T2* alterations within the cortical mantle. However, the origin of these alterations is still not determined [49] . Rarely, spontaneous intracerebral hemorrhage (ICH) can occur in patients with CADASIL. Th erefore, for the prediction of the risk of ICH, MRI screening for CMBs can be helpful [50, 51] .
Th e detection of petechial intraparenchymal hemorrhages is a diagnostically and prognostically useful marker, since the identifi cation of microvascular pathology in an asymptomatic or minimally symptomatic stage of the disease enables a window of therapeutic opportunity to be created [52] .
ADVANCED MR TECHNIQUES
Th ere are advanced MR techniques able to detect in vivo macroscopic damage that remains unnoticed using conventional radiological techniques. Relevant parameters for the assessment of cerebral small vessel diseases (cSVD) can be provided by ADC histograms from daily used DWI [53] . Diff usion tensor imaging (DTI), magnetization transfer imaging (MTI) and magnetic resonance spectroscopy (MRS) have shown that microstructural changes are present in both normal and abnormal white matter, probably refl ecting neuronal loss and demyelination. Th e degree of the underlying ultrastructural alterations is related to the clinical severity. Ultrastructural tissue damage may be demonstrated using DTI, even in regions appearing normal in conventional MRI [28] . Holtmannspotter at al. [54] reported that DTI histogrammetrics predict disease progression in CADASIL.
Th e study of Liem MK et al. has demonstrated increased iron accumulation in the putamen and caudate nucleus in patients with the small vessel disease, which is in accordance with the previous hypothesis on the increased iron accumulation in the pathogenesis of small vessel disease [55] .
One of the novel and very useful MRI techniques is  q-Space imaging. Th e purpose of this technique is to assess the ultrastructural changes of the white matter. So far, q-Space imaging has proved to be a method sensitive to an early neuronal damage in a characteristic distribution. Th erefore, the method can be used as a signifi cant assistance in monitoring of the patients in the preclinical stage as well as in the assessment of the eff ects of possible future medical interventions [56] .
DIFFERENTIAL DIAGNOSIS
Th e list of diff erential diagnosis of T2W confl uent white matter hyperintensities is large, comprising other causes of vascular involvement and infl ammatory diseases. Th e major diff erential diagnosis includes demyelinating and vascular diseases. Multiple sclerosis (MS) has a typical distribution of white matter hyperintensities -corpus callosum, U-fi bers, temporal lobes, brainstem, cerebellum and spinal cord. Periventricular lesions in MS are ovoid and perpendicular to ventricles. Active lesions demonstrate post-contrast enhancement.
In vascular diseases, focal white matter hyperintensities are identifi ed in the deep gray matter structures, corona radiata, and semioval center. Anterior temporal pole involvement is rare in sporadic small vessel disease. Th e presence of callosal commissure lesions is diff erentiating CADASIL from smallvessel disease [25] .
Other rare causes of white matter hyperintensities include cerebral vasculitis, primary angiitis, leucodystrophies, infective conditions such as Lyme disease and the neurosarcoidosis. Fabry disease and mitochondrial encephalomyelopathy with lactic acidosis and stroke-like episodes (MELAS) are rare genetical causes. Multifocal cortical and subcortical T2 hyperintensities are seen in MELAS. Swollen gyri in the acute phase, cortical laminar necrosis with cortical T1W hyperintensities in the subacute phase, cortical atrophy in the chronic phase are identifi ed in MELAS. Familial hemiplegic migraine (FHM) is another clinical diagnosis to be considered in the diff erential. However, FHM is usually inherited and does not progress to dementia and pseudo-bulbar palsy. Multifocal subcortical and periventricular white matter hyperintensities are identifi ed in FHM with no associated diff usion signal changes or enhancement. Internal watershed ischemia caused by carotid disease should also be considered in the diff erential diagnosis -it can result in deep white matter hyperintensity, but it is usually unilateral ( Table 1) .
CONCLUSION
Diagnosis and follow-up in patients with CADASIL are based mainly on MRI fi ndings. Neuroimaging shows WMHs, lacunar infarcts, and CMBs. WMHs lesions tend to be symmetrical and bilateral, distributed in periventricular and deep white matter. Th e anterior temporal lobe and external capsules are sites of predilection for WMHs, with higher specifi city of anterior temporal lobe involvement. Lacunar infarcts in CADASIL are localized within the semioval center, thalamus, basal ganglia, and pons. Th e number of lacunar infarcts is an important predictor of cognitive impairment in patients with CADASIL.
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